Abstract-Multiterminal dc (MTDC) systems are drawing a lot of interest lately in applications related to distributed generation, especially in those that integrate wind or photovoltaic (PV) generation with energy storage (ES). Several approaches for controlling the operation of such systems have been proposed in the literature; however, the existing structures are mainly application specific and, thus, can be still improved in order to provide a more generic approach. This paper proposes an improved primary control layer for an MTDC system. The concept is based on the combination of a droop control method and dc bus signaling in order to provide a more generic and flexible solution. In this paper, different droop characteristics are proposed for the various elements connected to the dc bus. All of them are specifically tailored around five operation bands, which depend on the dc bus voltage level. Special attention is paid to the integration of ES: the state of charge (SoC) is considered at the primary control level, yielding a surface characteristic that depends on the SoC and the dc bus voltage. The scaling of the system has been analyzed together with the proposed control strategy and the overall operation has been validated through simulations by considering a 100 kW PV system with energy storage. Experimental results were obtained on a scaled laboratory prototype rated at 10 kW.
power-flow balancing; therefore, the variation of the SoC is taken into account when designing the control strategy. In this way, a protection mechanism against the overcharge and deep discharge of the battery are included in the primary control and, moreover, as will be seen in the following sections, the dc bus voltage becomes correlated with the overall remaining energy reserves of the network.
Even though it has the integration of energy storage at its core, the solution that is proposed in this paper is not limited to this type of application. The control strategy that we proposed is based on droop control and dc bus signaling, making for a generic approach where each droop curve is tailored around five operating bands, hence, providing modularity and extendability to the system. This paper is organized as follows: Section II provides a detailed description of the overall concept while Section III provides an analysis regarding the control of one element of the system. Sections IV and V present simulation and experimental results in order to validate the proposed concept and Section VI presents the conclusions.
II. SYSTEM DESCRIPTION
A conceptual system suitable for the control of a PV power plant with multiple ES units is sketched in Fig. 1 . Here, several power converters are connected to a common dc bus, forming a basic multiterminal dc network with multiple connections to the ac grid. For illustration purposes, two different connection types with the ac system are shown. As it will be seen in the following sections, one is critical (converter 4) and is suitable for connections to weak grids, while the other (converter 2) allows for a more flexible connection. A hierarchical control structure would be the best choice for control and safe operation of such a system. In this type of control strategy, the lowest control level, namely, the primary control, is implemented locally in each converter and has to operate independently without making use of external communication channels. The dc bus voltage level can be used as a global decision parameter, and control actions can be locally taken based on this value. The secondary control layer is implemented as a centralized controller and based on measurements from all of the connected units, should act like an energy-management system and operation optimizer by setting the appropriate references to the primary control.
This paper focuses on the design of primary control. In order to satisfy the requirements imposed on this layer of control, we propose that each converter should be controlled by custom droop characteristics tailored by taking into account the power balance of the network which, in dc networks, is reflected in the voltage amplitude. For this, five operating bands are defined for the network voltage. The normal operation (NO) band is the voltage interval for which the system is considered to be under standard operation, and the balance between load and production is satisfied. The NO band is surrounded by two safety bands; one in the lower part (SL) and one in the higher (SH). These bands are considered for the cases of transients or other sudden events that deflect the dc bus voltage from the NO region. Finally, a critical high (CH) band and a critical low (CL) band are considered. When the voltage reaches these bands, there is a mismatch between production and consumption that can no longer be supported by the storage elements.
Before analyzing each of the droop characteristics, a convention for the sign of the currents has to be set. Throughout this paper, a positive current on the dc bus side is considered to be a load current that is being drained from the dc bus. On the other hand, negative current is considered to be injected into the dc grid as seen on the top of (1) The droop surface presented in Fig. 2 is proposed for the control of the converter connected to batteries. The definition of this droop characteristic starts by fixing its slope and the nominal current . Then, the voltage level for which the converter injects zero current, namely, the operating point has to be defined. The amount of current a battery is able to deliver or absorb is directly linked to its SoC. By linking the SoC with , as shown in (1), the droop characteristic becomes a surface defined by SoC and the dc voltage, as shown in Fig. 2 . From the terms present in (1) , is the nominal voltage of the network, while and are the maximum and minimum voltage levels. The droop-surface was designed to include, at the primary control level, a protection mechanism against the overcharge and deep discharge of the battery. In order to avoid overcharge, a high state of charge band is defined, while is defined in order to avoid the deep discharge of the battery. Fig. 3(a) shows a cross-section of the droop surface. Two operating scenarios, also shown in Fig. 2 , are highlighted here. In the first one, the converter connected to the battery operates at point , discharging the battery at a rate equal to . As the discharge continues, the SoC reaches . According to Fig. 2 , at this point, the converter starts to linearly shift its droop characteristic downwards, limiting the amount of power extracted from the battery. If there are other elements in the network that can compensate for this reduction in power, then will remain at the same level and the converter will reach where no more current is allowed to be drawn from the battery, as seen in Fig. 3(a) . In the case that there are no other elements to compensate for the reduction in power, then, as will be seen in the simulation and experimental results, will linearly decrease and will enter the CL operating band. In both cases, the SoC of the battery will not decrease below , therefore ensuring protection against deep discharge.
The second operating scenario starts with the converter operating at point , charging the battery with a current equal to . Similar to the previous scenario, as the charging continues, the SoC reaches and the converter starts to push its droop characteristic upwards, as seen in Fig. 2 . If the dc bus voltage is maintained at the same level, the converter reaches where it reduces the current injected into the battery to zero. As before, the dependence of the droop surface on the SoC and will never allow for the SoC of the battery to increase above . Fig. 3 (b) presents the characteristic for the pseudocritical elements. These elements operate as constant current sources if the voltage is within the NO and safety regions. Once the system reaches the critical bands, they reduce or increase their demand in order to maintain the power balance of the system. The bidirectional (solid line), allows for the current to flow in the opposite direction for critical scenarios. This could be used to control a converter that connects to a neighboring network with which there is a power delivery contract. The unidirectional characteristic (dotted line) does not allow for current inversion, and could be employed by a load system, such as heating units, that can reduce or increase its power consumption if the dc bus level reaches critical levels. Fig. 3 (c) presents the droop characteristic of the critical elements. This kind of element, regardless if it behaves as a load or source, will not reduce its output even when the dc bus is in the critical bands. Since most of the generators can safely reduce their power output if needed, a small variation (dotted line) was introduced for the critical generators. Renewable energy plants, such as PV or wind systems that employ some maximum powerpoint tracking capability, would typically interface with the network through one of these connections.
III. CONTROL SYSTEM AND TUNING
The block diagram depicted in Fig. 4 presents the proposed electrical configuration and control structure for the dc side of a single element of the system presented in Fig. 1 . As can be seen, the proposed structure is comprised of two loops: 1) an internal current control loop, based on a PI controller, and 2) an In order to analyze the scaling and design of the system, a boost dc-dc converter connected to a battery was chosen as a study case. The starting point of the analysis is the definition of the main parameters to be used in the control of the converter, namely:
- According to [28] , in order to fulfill the required current and voltage ripple, the passive elements of the converter, mainly the filter inductor and the dc bus capacitor, have to be calculated as follows:
where is the duty cycle, is the switching period, and is the nominal current of the converter.
A. Tunning of the Controller
It can be shown that the current control loop of the converter can be properly shaped so that it can be approximated with a low-pass filter in closed-loop form. For example, this can be achieved if the design criteria for a PI controller proposed in [29] is followed. This methodology designs the gains of the controller based on the value of the passive elements of the converter and on the imposed values of bandwidth and phase margin.
Once the current controller has been properly designed, it can be approximated by a low-pass filter with the cutoff frequency equal to in order to reduce the order of the overall system. Taking into account the droop gain and the dc bus capacitor , together with the current loop, the expression of the outer (voltage) open-loop transfer function is obtained as shown The theory of cascaded control recommends that the inner loop should be around six times faster than the outer loop in order to have a stable system (4) Considering the speed ratio between the inner and outer loop as expressed in (4), and solving (3) for , then the relationship expressed in (5) can be obtained. This relation shows how the chosen speed of the outer loop and the size of the dc bus capacitor will limit the values of the droop gain (5) The droop gain will generate, at nominal current, deviations in the dc bus voltage equal in per unit to (6) From these expressions, it can be observed that if the dc bus capacitor has been chosen too small, then (5) imposes a boundary that is too tight for , resulting in extremely large values for . Of course, this is not allowable in a real system. As seen in [30] and [31] , values around 0.05 are typically chosen for . Having a value imposed for , the value of the dc bus capacitor can be computed by (7) IV. SIMULATION RESULTS The simulation scenarios were chosen considering the operation of a PV-based power plant in the range of 100 kW that integrates ES. The operating voltage of the network was chosen at 685 V. For all the converters connected to the network the switching frequency was considered to be 10 kHz. Also, the time constant of the internal current loops was considered to be equal to 6 switching periods. Choosing 0.05 will require a NO band of 70 V for the network. The width of the safety and critical band was fixed to 14 V. As the size of the output capacitor is influenced by the speed of the internal current loop and , capacitors of 4.8 mF were used for all the elements connected to the dc bus.
A. Scenario 1-Basic System. Energy-Storage Discharge
As can be seen in Fig. 5 , in this study-case three power converters are connected to a common dc bus. Converter 1 is a boost converter controlled by a bidirectional droop and connects a battery with a storing capacity of 30 minutes at nominal power. The SoC operating intervals needed for defining the droop characteristic were ideally selected as: 5%, 20%, 80%, 95%. A PV power plant rated at 100 kW is connected to the common dc bus by converter 3. A real irradiance profile was used in order to emulate the hectic behavior of the PV production. Finally, the system is connected through a noncritical connection to the ac-grid by means of a 100 kW dc-ac converter-converter 1.
The proposed scenario starts with the battery charged at 40% of the maximum capacity and converter 1 disconnected. The state of charge of the battery was determined by making use of the current integration method. The average PV production is around 40 kW, but large deviations from this value, typical for the PV generation, can be observed. Since initially converter 1 is disconnected, all the power produced by the PV goes into the batteries, increasing the SoC, visible in Fig. 6(a) . Fig. 6 shows the signals of interest for the described scenario. The key events are highlighted by a vertical guideline, completed with a grey pentagonal marker at the top of the figure.
Event 1 (Ev. 1)-ac-grid converter is enabled. A reference of 100 kW is set for converter 1 as can be seen in Fig. 6(d) . Since the PV output, see Fig. 6(b) , is not sufficient to satisfy this demand, the battery has to compensate for the difference and starts discharging as can be seen in Fig. 6(a) and (c) . A large drop in the dc bus voltage, proportional with the droop resistance can be noted in Fig. 6 (e), but the voltage is kept between the normal operation limits.
Event 2 (Ev. 2)-battery SoC reaches 20%. This corresponds to
. Now, according to the dependence of the droop characteristic on the SoC, as the battery continues discharging, the connected converter linearly shifts downwards its dc voltage operating point. Since there is only one energy-storage unit connected to the system, further discharge will result in a linear decrease of the dc bus voltage, as seen in Fig. 6(e) .
Event 3 (Ev. 3)-dc bus voltage reaches CL band. As the battery continues to discharge, the dc bus voltage reaches the critical low band as seen in Fig. 6(e) . Since the ac connection is pseudocritical, the injected power starts to deviate automatically from the reference in order to maintain the power balance of the system, as seen in Fig. 6(d) . Finally, the battery power is reduced to zero as the battery is getting close to . Meanwhile, the power produced by the PV is injected into the ac grid. In such a case, the secondary control could choose to dispatch the energy in a different manner, and decide to charge the battery instead of supplying the noncritical load.
B. Scenario 2-Extended System. Energy-Storage Discharge
The second scenario expands the previous one by connecting two extra converters to the common dc bus. The previous 30 minutes storage unit is split in this experiment in two battery banks of 20 minutes (Bat1) and 10 minutes (Bat2), respectively. The two battery banks are interfaced by two bidirectional dc-dc converters. In addition, the 100 kW pseudocritical ac-grid connection has been replaced by two connections-one critical (converter 4) and one pseudocritical (converter 2) as seen in Fig. 7 .
As previously, the system starts with converter 2 and 4 disabled, and the two batteries being charged by the production of the PV. The initial state of charge of the two batteries is 60% for Bat1 and 40% for Bat2. The evolution of the signals of interest can be observed in Fig. 8 . As previously, the key events are highlighted at the top of the figure. 
(c) Power imported/exported by the ES (in kilowatts). (d) Power injected by the ac grid converters (in kilowatts). (e) DC bus voltage and the operating bands (in volts).
Event 1 (Ev. 1)-ac-grid converters are enabled. A reference of 50 kW is set for converter 4 and a reference of 45 kW for converter 2, as seen in Fig. 8(d) . Since the PV output is not sufficient to cover the power demand, the two batteries have to compensate for the difference. Both batteries have sufficient energy and the load is equally shared between the two converters, as shown in Fig. 8(c) .
Event 2 (Ev. 2)-SoC of Bat2 reaches 20%. Besides having a smaller capacity, Bat2 also starts with a smaller SoC, hence it reaches the lower threshold of 20% faster, as seen in Fig. 8(a) . As a result, converter 3 will start to shift its operating voltage downwards yielding a reduction of the power output as seen in Fig. 8(c) . Bat1 still has sufficient energy and it will automatically compensate this change. Because there is still one battery remaining between normal SoC limits, the system continues to operate in the NO band, as it can be seen in Fig. 8(e) Event 3 (Ev. 3)-SoC of Bat1 reaches 20%. Bat1 also reaches and converter 1 starts to shift its operating voltage according to the implemented droop characteristic. This time there is no other element in the network to maintain the dc bus voltage in the normal operating band, hence it decreases slowly into the safety band, as seen in Fig. 8(e) . Event 4 (Ev. 4)-dc bus voltage reaches CL band. The dc bus reaches the critical low limit. At this point, the power output of the energy-storage units is severely limited and the PV production is not sufficient to supply both loads. Under these circumstances, the noncritical grid connection starts to reduce its power output in order to avoid the collapse of the system. As it can be seen in Fig. 8(d) , the reference of 50 kW for converter 4 is still entirely fulfilled, while the reference for converter 2 starts to deviate from its scheduled value. The dc bus voltage is now signaling an overloaded mode of operation.
Event 5 (Ev. 5)-inversion of power direction. If the droop characteristic allows it, the noncritical grid connection can pass from consuming power to injecting power in order to supply the requirement of the critical load, as seen in Fig. 8(d) .
V. EXPERIMENTAL RESULTS
In order to validate the simulation results, a scaled prototype was assembled in our laboratory. According to Table I , three elements were connected to a common 685 V dc bus system. The energy-storage element, a 24 Ah lead acid battery, was connected through a three-phase interleaved boost dc-dc converter controlled by the dSpace 1103 unit. The interleaved topology was used because a faster current loop can be achieved as a result of the reduced inductor size. The 10 kW ac grid connection was realized through a 2 level dc-ac converter, also controlled by the dSpace 1103. Finally, the PV was emulated by programming a real irradiance profile in a current controlled Regatron power source. In this experiment the height of the NO band for the droop controller was fixed to 32 V by imposing a of 0.0115. The critical bands and the safety bands were chosen equal to half of the normal operation one.
While performing tests for determining the behavior of the batteries we observed increased power sensitivity at low or high SoC. However, this is a well-known effect in lead-acid batteries according to [32] . Therefore, the limits of 5% and 95% used in simulation were impracticable due to the small amount of power that the battery is able to provide, respectively absorb at these levels. The following limits were chosen for the practical usage of the lead-acid battery: 30%, 45%, 60%, 75%.
A. Scenario 1-Energy-Storage Discharge
The first study case investigates the self-management capability of the system when the battery is discharging. The experiment starts with the battery charged at 50%, and the grid converter disconnected. Therefore, all the power produced by the PV goes into the batteries, increasing the SoC, visible in Fig. 9(a) . Fig. 9 shows the signals of interest for the described scenario and highlights the key events that are detailled in the following paragraphs.
Event 1 (Ev. 1)-ac-grid converter is enabled. The ac grid converter is enabled and a reference of 8 kW is set as seen in Fig. 9(d) . Since the PV output, Fig. 9(b) , is not sufficient to satisfy this demand, the battery has to compensate for the difference and starts discharging as seen in Fig. 9(a) and (c) . A drop in the dc bus voltage proportional with the droop resistance can be noted in Fig. 9(e) , but the voltage is kept between the normal operation limits. Event 2 (Ev. 2)-PV power fluctuation. Fluctuations in the PV production, seen in Fig. 9(b) , are compensated entirely by the battery while the system is in the normal operation band.
Event 3 (Ev. 3)-battery SoC reaches 45%. The SoC of the battery reaches the first limit and since the discharge continues, the converter linearly shifts its droop characteristic bringing the dc bus voltage level towards the safety low band. The dc bus voltage is now signaling the reduced level of energy remaining in the battery. Event 4 (Ev. 4)-dc bus voltage reaches CL band. The dc bus voltage reaches the critical low band, as seen in Fig. 9(e) . At this point, according to its droop characteristics, the pseudocritical grid connection starts to reduce its power demand, as shown in Fig. 9(d) . The dc bus voltage is signaling now an overloaded mode of operation.
B. Scenario 2-Energy-Storage Charge
The second scenario, presented in Fig. 10 , investigates the behavior of the system when the battery is charging. As before, the initial SoC of the battery is 50% and the ac grid converter is disabled. The PV production is charging the battery. The events highlighted in Fig. 10 are detailed in the following paragraphs.
Event 1 (Ev. 1)-ac-grid converter is enabled. The ac-grid converter is enabled and a reference of 2.8 kW is set, as shown in Fig. 10(c) . Since the grid converter and PV are injecting power into the dc bus, the rate of charge of the battery increases in order to maintain the system in equilibrium, as seen in Fig. 10(a) and (c). An increase in the dc bus voltage level, proportional to the droop value, is seen in Fig. 10(e) at the moment of connection, but the final value is inside the NO band.
Event 2 (Ev. 2)-battery SoC reaches 60%. The SoC of the battery, shown in Fig. 10(a) , reaches the 60% limit. Since the charge continues, the converter linearly shifts upward its droop characteristic, bringing the dc bus voltage toward the critical high band as seen in Fig. 10(e) .
Event 3 (Ev. 3)-dc bus voltage reaches CH band. The dc bus voltage reaches the critical high band. Since the grid converter is controlled as a pseudocritical element, it will automatically start to decrease the power injected into the dc bus as seen in Fig. 10(d) . At this point, the limitation of the power injected into the battery becomes obvious in Fig. 10(c) .
Event 4 (Ev. 4)-inversion of power direction. Since the droop of the grid converter is bidirectional, it allows for the converter to change the sign of its reference. As shown in Fig. 10(d) ., the grid converter changes independently from charging the dc bus to loading it in order to avoid an overvoltage situation.
VI. CONCLUSION
The integration of energy storage, together with renewable sources into MTDC networks, could be the most feasible solution for the problem of large-scale penetration of renewable energy, especially if the ancillary services that these generation facilities should provide are considered. However, as can be seen from the literature survey, the control strategies for such systems are mainly application specific and still far away from a standardized approach.
While supporting the idea of a hierarchical control strategy for MTDC networks, this paper proposes a decentralized primary control layer obtained by combining two methodologies for distributed dc bus control, namely, droop and dc bus signaling control. The simulation and experimental results have shown that building custom droops around various operating bands introduces more flexibility at the primary control level.
The proposed control strategy pays specific attention to the integration of energy storage into MTDC systems and it includes the operating conditions of the ES elements in the design of the control. Thus, a new droop surface is obtained by taking into account the SoC of the storage and the dc bus voltage level. This feature allows the primary control layer to better handle the energy stored in the dc network, and it adapts the control profile in order to prevent overcharges and deep discharges in the storage elements.
In order to validate the proposed solution, simulations were performed on a 100 kW system incorporating PV generation, two energy-storage devices and two parallel connections to the ac grid. The obtained results confirm the viability of the system throughout the different operating modes. Further on, experimental studies were performed on a scaled 10 kW laboratory prototype composed of an energy-storage element, a PV generator and one connection to the ac grid. The same behavior observed in simulation was reproduced by the experimental results, thus confirming the potential of the proposed solution to operate as a basic framework for a hierarchical control architecture for an MTDC network.
